Objective: To evaluate the effects of uncoupling protein (UCP) 1, UCP2 and UCP3 gene variants on body composition and metabolic changes in response to chronic overfeeding and the recovery after the period of overfeeding. Subjects and design: Twenty-four normal weight men (21 AE 2 y), who constituted 12 pairs of identical twins, ate a 4.2 MJ=day energy surplus, 6 days a week, during a period of 100 days. The subjects were asked to return to the laboratory for testing at 4 months and for a final examination 5 y after completion of the overfeeding protocol. Methods: Resting metabolic rate (RMR) measurements were performed before and after overfeeding. A 4.2 MJ test meal was consumed, after which calorimetric measurements were continued for 240 min. Total body fat was assessed by hydrodensitometry and total subcutaneous fat by the sum of eight skinfolds. Polymorphisms were typed by PCR and PCR-RFLP-techniques. Thyroid stimulating hormone (TSH) concentrations after a thyrotropin releasing hormone (TRH) injection were measured by radioimmunoassay (RIA). Results: The changes in body weight and adiposity were not different between UCP1 Bcl I, UCP2 alanine to valine (A55V), UCP2 insertion=deletion (I=D) or UCP3 Rsa I genotypes. However, the recovery from overfeeding was worse among G-allele carriers of the UCP1 Bcl I, I allele non-carriers of the UCP2 I=D, AV heterozygote subjects of the UCP2 A55V and CC subjects of the UCP3 Rsa I polymorphisms. RMR was lower both before (P ¼ 0.01) and after (P ¼ 0.001) overfeeding in subjects with the CC genotype of the UCP3 Rsa I polymorphism. Moreover, after overfeeding, the UCP2 A55V heterozygote and UCP3 Rsa I CC homozygote subjects had significantly higher respiratory quotient (RQ) values at rest (P < 0.01) and during the meal test (P from < 0.01 to < 0.05). Also mean plasma TSH concentrations 20, 30 and 45 min after the TRH injection increased more with overfeeding among UCP2 A55V (P < 0.005) and UCP3 Rsa I CC (P ¼ 0.017) subjects. Conclusions: These data suggest that UCP polymorphisms may play a role in the recovery from the overfeeding by regulating substrate oxidation in response to long-term caloric surplus. The association of the UCP2 A55V and UCP3 Rsa I CC genotypes with a greater increase in the TSH response to TRH load could reflect a compensatory mechanism counteracting the effects of overfeeding. A longer period of exposure to chronic positive energy balance conditions may be necessary before sequence variation in UCP2 and UCP3 makes an impact on thyroid metabolism to influence body mass and composition changes.
Introduction
Uncoupling proteins (UCP) are molecules in the inner mitochondrial membrane that allow protons to re-enter the mitochondrial matrix without phosphorylating ADP (Klingenberg & Huang, 1999) . This uncouples the connection between oxidative metabolism and energy production, and energy is released as heat (Boss et al, 1998) . The uncoupling proteins could thus play a key role in the regulation of energy metabolism . UCP1 is expressed in brown adipose tissue of newborns (Klingenberg & Huang, 1999) . New members of the uncoupling protein family -UCP2 (Fleury et al, 1997) which is widely expressed, and UCP3 (Boss et al, 1997) which is expressed in skeletal muscle -have been more recently discovered.
Because UCPs might be involved in energy dissipation, mutations in the UCP genes could contribute to variation in energy balance and potentially to the development of obesity. Numerous sequence variations in the UCP genes have been identified but linkage and association studies between UCP1 (Clément et al, 1999; Bray et al, 1999; Oppert et al, 1994b) and UCP2 markers (Warden, 1999) and obesity have not been conclusive. However, the UCP2 locus has been associated (Walder et al, 1998; Astrup et al, 1999) and UCP2=UCP3 linked (Bouchard et al, 1997) with resting metabolic rate and energy expenditure. Studies with the UCP3 gene have reported an association between exon 3 and six polymorphisms and obesity-related phenotypes (Otabe et al, 1999) as well as respiratory quotient (RQ; Argyropoulos et al, 1998) . We speculated that the effects of DNA sequence variations in the UCP1, UCP2 and UCP3 genes are more likely to be detected when individuals are exposed to standardized and long-term disruption of energy balance. Thus, this study was undertaken to assess whether genetic variations at the UCP1, UCP2 and UCP3 loci could contribute to differences in body composition and metabolic changes observed in an overfeeding study conducted several years ago with the collaboration of 12 pairs of identical twins (Bouchard et al, 1990) . In addition the effect of genetic variations on the recovery after the period of overfeeding was studied.
Methods
The specific aims, study design and methodology have been previously described in detail (Bouchard et al, 1990) . Briefly, 24 sedentary young men (mean ( AE s.d.) age, 21 AE 2 y) who were 12 pairs of healthy identical twins were studied. The men were housed in a closed section of a dormitory on the campus of Laval University for 120 consecutive days: 14 days for the assessment of habitual daily energy intake, 3 days for testing before the period of overfeeding, 100 days for the period of overfeeding, and 3 days for testing after the period of overfeeding. During the period of overfeeding, the men were fed a diet containing 4.2 MJ (1000 kcal) per day above their measured baseline energy intake, 6 days a week, for 100 days. On the seventh day of each week, they consumed their baseline energy intake. Each man gave written consent for participation in this study, which was approved by the Laval University Medical Ethics Committee and the Office for Protection from Research Risks of the National Institutes of Health, Bethesda, MD.
Resting metabolic rate
The measurement of resting metabolic rate (RMR) was performed in a 12 h fasted state using an open circuit indirect calorimetric system, as previously described (Tremblay et al, 1992) . Upon arrival at the laboratory, the subject was placed in a comfortable reclining seat with his head inside a Beckman ventilated hood system (Schiller Park, IL). Then the subjects rested for 30 min to reduce previous disturbing influences, and RMR was assessed over the next 30 min. The concentrations of oxygen and carbon dioxide were measured using paramagnetic and infrared analyzers (OM-11 and LB-2, Beckman), whereas pulmonary ventilation was determined with a Fleisch respirometer. The analyzers were calibrated with standardized gases just before the measurements.
Thermic effect of food
After the measurement of RMR, a catheter was inserted into an antecubital vein, and blood samples were obtained. Basal plasma T3, T4 and free T4 (FT4) concentrations were determined by specific RIAs (T3, Kallestad Quanticoat; T4, Kallestad Quanticoat; FT4, Amelex M.A.B., Amersham). Samples from the same measurement period were assayed together, and all assays were run in duplicate. After that the subjects consumed in 15 min a 4.2 mJ (1000 kcal) meal with the following composition: 50% carbohydrate, 35% lipid and 15% protein. Blood samples were collected every 60 min during the next 4 h after the ingestion of the meal and the calorimetric measurements were performed for 4 h while the subject remained in a semi-reclined position.
Body composition
Body weight was measured in the morning before breakfast and body density was determined by the hydrostatic weighing technique (Behnke & Willmore, 1974) . Percentage body fat was calculated from body density with the equation of Siri (1956) . Fat mass and fat-free mass were obtained from percentage body fat and body weight. Pulmonary residual volume was measured before immersion in the water tank by the helium dilution technique (Meneely & Kaltreider, 1949) . The skinfold thickness was measured at eight sites (biceps, triceps, front midthigh, medial calf, subscapular, suprailiac, abdominal and midaxillary) according to the procedures recommended at the Airlie Conference (Lohman et al, 1988) .
TRH stimulation test
For a TRH stimulation test, subjects were asked to rest comfortably in a semi-reclining position before being injected with a 400 mg TRH intravenous bolus (Oppert et al, 1994b) . Blood samples were obtained before and at 20, 30 and 45 min after injection. TSH was determined by RIA (Bio-Rad-Co-Tube, Bio-Rad, Richmond, CA). The peak TSH was considered as the highest TSH concentration reached at 20, 30 or 45 min after TRH administration. The change in TRH-stimulated TSH concentrations was calculated as the difference between peak TSH and basal TSH concentrations.
Postoverfeeding testing at 4 months and 5 y After overfeeding, the subjects experienced free-living conditions when the energy balance was not standardized. They were recalled for a postoverfeeding evaluation 4 months after completion of the overfeeding protocol. Finally, they were asked to return to the laboratory for a final examination 5 y after completion of the overfeeding protocol. Postoverfeeding testing included body composition, fat distribution and blood biochemistry assessments .
DNA analysis
Genomic DNA was isolated from lymphoblastoid cell cultures (Neitzel, 1986) by digestion with proteinase K and extraction with phenol chloroform. PCR analysis of the BclI polymorphism of the UCP1 gene was carried out in a volume of 10 ml containing 100 ng DNA, 0.3 mM of each primer, 0.2 mM of each of the dNTPs, MgCl 2 , 1.5 unit Taq polymerase and 1Â standard buffer plus Q-solution (Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA). The primers were those reported earlier . The polymerase chain reaction (PCR) was started at 94 C for 3 min, 55 C and 72 C for 1 min followed by 35 cycles at 94 C and 55 C for 30 s, 72 C for 45 s and 1 cycle at 72 C for 10 min. The amplified product was digested at 50 C for 18 h with 10 U of BclI (New England Biolabs Inc., Beverly, MA, USA).
PCR analysis of the UCP2 A55V polymorphism was performed in a volume of 15 ml containing 100 ng DNA, 0.3 mM of each primer, 0.2 mM of each of the dNTPs, 0.75 unit Taq polymerase and 1Â standard buffer plus Q-solution. The primers have been described earlier (Walder et al, 1998) . The PCR was started at 94 C for 3 min, 56 C and 72 C for 1 min followed by 35 cycles at 94 C and 56 C for 30 s, 72 C for 45 s and 1 cycle at 72 C for 10 min using a thermal cycler (model 9600: Perkin-Elmer Cetus Instruments, Branchburg, NJ). The amplified product was digested at 37 C for 3 -4 h with 2 U of EclHK1. The PCR reaction of the UCP2 I=D (insertion=deletion) variant was performed as for the UCP2 A55V polymorphism and the primers were derived from the same data (Walder et al, 1998) . The PCR conditions were: one cycle at 94 C for 3 min, 62 C and 72 C for 1 min followed by 30 cycles at 94 C and 62 C for 30 s and 72 C for 45 s and one cycle at 72 C for 10 min. PCR analysis of the UCP3 RsaI polymorphism was carried out in a volume of 20 ml containing 150 ng DNA, 0.3 mM of each primer, 0.2 mM of each of the dNTPs, 0.75 unit Taq polymerase and 1Â standard buffer plus Q-solution. The primers were those described earlier . The PCR was started at 94 C for 5 min followed by 40 cycles at 94 and 52 C for 30 s, 72 C for 45 s and one cycle at 72 C for 10 min. The amplified product was digested at 37 C for 18 h with 5 U of RsaI (New England Biolabs Inc., Beverly, MA, USA).
The digested fragments were separated on 1.5 -3% agarose gels and visualized under UV light after staining with ethidium bromide.
Statistical analysis
All the analyses were performed with the SAS Statistical Software Package (SAS Institute Inc., Cary, NC). Differences in phenotype values before and after overfeeding as well as phenotype changes (percent) between genotypes for a given marker were assessed by t-tests (twosided). Differences in phenotype changes were calculated both as percentage and absolute changes. However, since both series of results were highly concordant, the emphasis is put on percentage changes in this report. Percentage changes were calculated from individual scores. Analyses were performed with both the 24 subjects considered as unrelated persons and the phenotype mean for each of the 12 pairs. Linkage disequilibrium between markers was assessed as described earlier (Terwilliger & Ott, 1994) .
Results
Significant linkage disequilibrium was observed between the UCP2 A55V, UCP2 I=D and UCP3 RsaI markers (w 2 ¼ 20.99, P < 0.005).
Effect of genetic variants on the responses of overfeeding
As previously reported, the overfeeding protocol induced significant changes in body weight and body fat phenotypes (Bouchard et al, 1990) . The changes in body weight or body fat phenotypes were not different between UCP1 BclI, UCP2 A55V, UCP2 I=D or UCP3 RsaI genotypes in response to overfeeding. However, the resting metabolic rate was lower both before (P ¼ 0.010) and after (P ¼ 0.001) overfeeding in subjects homozygotes for the Values are means (s.e.). P-values based on 24 subjects considered as unrelated persons are as follows: *P ¼ 0.01 and **P ¼ 0.001 between CT and CC. P-values when phenotype means of each pair are compared (n ¼ 12) are as follows: *P ¼ 0.045 and **P ¼ 0.017 between CT and CC.
Genetic variation at UCP1, 2 and 3 loci O Ukkola et al UCP3 RsaI C allele (Table 1) . UCP1 or UCP2 markers were not associated with resting metabolic rate. Figure 1 depicts the RQ values at baseline and in response to a meal test in relation to the UCP2 A55V and UCP3 RsaI genotypes before and after overfeeding. After overfeeding, the UCP2 A55V heterozygotes had significantly higher RQ values at rest (P < 0.01), and 15 min (P < 0.01), 45 min (P < 0.03), 90 min (P < 0.01) and 240 min (P < 0.01) after ingestion of the meal test. Moreover, UCP3 RsaI CC subjects showed higher RQ after overfeeding at all time points (P from < 0.01 to < 0.05) except at 150 and 210 min of the meal test. After overfeeding, the mean of all the RQ measurements after the meal test was higher in the UCP2 A55V (0.78 (0.03)) than in the A55A (0.75 (0.02) (P ¼ 0.014) and in the UCP3 RsaI CC (0.79 (0.03)) than in the CT (0.75 (0.01)) subjects (P < 0.001, respectively). Mean RQ decreased more, although not significantly so, in UCP2 A55A and UCP3 CT subjects (not shown). Baseline thyroid hormone levels (T3, T4, or FT4) and their changes with the overfeeding protocol were not associated with the UCP genotypes (not shown). However, mean plasma TSH concentrations 20, 30 and 45 min after the TRH injection increased more among UCP2 A55V AV than AA subjects (P < 0.005) and among UCP3 RsaI CC than CT subjects (P ¼ 0.017, Figure 2) . Moreover, the highest TSH concentration reached after the TRH administration (peak TSH) was characterized by a greater overfeeding-induced increase in UCP2 A55V AV (P < 0.01) or UCP3 RsaI CC (P ¼ 0.023) genotypes. Figure 1 Respiratory quotient (RQ) during a meal test in relation to the UCP2 A55V and UCP3 RsaI genotypes (meanAE s.e.) before (upper curves) and after (lower curves) overfeeding. *P < 0.01; **P 0.03; and ***P < 0.05 between the genotypes after overfeeding (24 cases). When the means of each pair (n ¼ 12) are considered, the differences are significant between the UCP2 A55V genotypes at baseline (P ¼ 0.013), at 45 (P ¼ 0.05), at 90 (P ¼ 0.01) and at 240 (P ¼ 0.022) min after overfeeding. In addition, the differences are significant between the UCP3 RsaI genotypes at baseline (P ¼ 0.03), at 15 (P ¼ 0.005), at 45 (P ¼ 0.0001), at 90 (P ¼ 0.007) and at 240 (P ¼ 0.036) min after overfeeding.
Genetic variation at UCP1, 2 and 3 loci O Ukkola et al Figure 2 TSH values after TRH stimulation in UCP2 A55V AA and AV genotypes and UCP3 RsaI CC and CT genotypes before (upper curves) and after (lower curves) as well as percentage changes (columns) in TSH response to TRH stimulation after the 100-day overfeeding protocol. Values are means (s.e.). *P < 0.005 between the UCP2 A55V AV and AA genotypes (24 cases) and P ¼ 0.03 when the means of each pair (n ¼ 12) are considered. **P ¼ 0.017 between the UCP3 RsaI CC and CT (24 cases) and P ¼ 0.065 when the means of each pair (n ¼ 12) are considered.
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Effect of genetic variants on the recovery after a period of overfeeding During the period from the end of overfeeding to 4 months after overfeeding subjects, heterozygotes for the UCP2 A55V polymorphism experienced less (732%) decrease in subcutaneous fat than those homozygotes for the A allele (744%; P ¼ 0.024). During the same period, body weight decreased less in the G-allele carriers (P ¼ 0.007) than in the G-allele non-carriers of the UCP1 BclI polymorphism (Figure 3) . From 4 months to 5 y after overfeeding, body weight increased more (P ¼ 0.008) in UCP2 I=D I allele non-carriers than in carriers. Subjects with the UCP3 RsaI CC genotype experienced less (P ¼ 0.008) weight loss during the 4-month post-overfeeding period and had higher weight (P ¼ 0.026) at 4 months than those with the genotype CT. The same pattern was observed in UCP2 A55V A allele heterozygotes (Figure 3 ) compared to A allele homozygotes.
Discussion
In earlier studies, the UCP1 BclI variant has been associated with higher weight gain during adult life (Clément et al, 1996) , susceptibility to gain weight over time (Oppert et al, 1994a) , and resistance to weight loss on a hypocaloric diet (Fumeron et al, 1996) . In accordance with these findings, the recovery from overfeeding was less Figure 3 Body weight before and after overfeeding and 4 months and 5 y post-overfeeding in relation to UCP1 BclI, UCP2 I=D, UCP2 A55V and UCP3 RsaI genotypes. *P ¼ 0.007 between UCP1 BclI G allele carriers and non-carriers (24 cases) for the decrease in body weight during the period from the end of overfeeding to 4 months after overfeeding. When the means of each pair (n ¼ 12) are considered, P ¼ 0.05. **P ¼ 0.008 between UCP2 I=D I allele carriers and non-carriers (24 cases) for the body weight increase from 4 months to 5 y after overfeeding and P ¼ 0.020 when the means of each pair are considered. ***P ¼ 0.008 between UCP3 RsaI CC and CT genotypes (24 cases) for the decrease in body weight during the 4 month post-overfeeding period and P ¼ NS when the means of each pair are considered. #P ¼ 0.026 between CC and CT 4 months after overfeeding (24 cases) and P ¼ NS when the means of each pair are considered.
Genetic variation at UCP1, 2 and 3 loci O Ukkola et al pronounced in UCP1 BclI G-allele carriers in the present study, although this variant was not associated with body composition changes in response to overfeeding itself. Furthermore, exon 8 UCP2 I=D I allele non-carriers experienced a greater body weight increase between 4 months and 5 y after overfeeding than I allele carriers. Earlier studies have shown weak associations of the I allele with higher BMI in some populations (Walder et al, 1998; Cassell et al, 1999) . It must be pointed out that after the overfeeding period the subjects returned to free living conditions. Thus the energy balance determinants and other lifestyle variables were not standardized anymore.
The results for the UCP2 A55V and UCP3 RsaI polymorphisms suggest that these polymorphisms could have an effect on RQ in accordance with a previous report in a Danish population (Astrup et al, 1999) . In the latter report, subjects with the UCP2 A55V VV genotype had a higher 24-h RQ than those with the genotype AA or AV. In the current study, there were no VV homozygotes but the AV heterozygotes exhibited a higher resting and meal test RQ after the caloric surplus protocol. It has been suggested that a high respiratory quotient predicts the risk of gaining weight as more fat is stored instead of being oxidized (Weyer et al, 2000) . In our study, there were no significant differences in body fat or resting metabolic rate changes with overfeeding between AA and AV subjects. One possible explanation for the apparent discordance in these results is that the overfeeding stimulus was still not large enough to induce body mass gain of a magnitude that could be associated with the UCP2 variant. Another possibility could be that some unknown compensatory mechanisms are involved. However, it is important to note that after overfeeding, the recovery of fatness in AV subjects tended to be worse with a lower decrease in subcutaneous fat than in those with the genotype AA. The A55V polymorphism is located in exon 4 of the UCP2 gene but its functional importance is uncertain (Cassell et al, 1999) . Interestingly, subjects with the UCP3 RsaI CC genotype had lower RMR before and after overfeeding, higher RQ after overfeeding and less weight loss during the postoverfeeding period than those with the CT genotype. The variation in RQ was lower after overfeeding which may be the reason why the suggestive association between UCP3 RsaI polymorphism and RQ observed before overfeeding became significant after overfeeding. This exon 3 silent variant has been associated with obesity-related phenotypes in one study (Otabe et al, 1999) . The same pattern of changes between the UCP2 and UCP3 variants seen here is concordant with the linkage disequilibrium between the two markers observed in this study. Interestingly, an exon 6-splice donor polymorphism in the UCP3 gene has been earlier associated with markedly increased RQ and reduced fat oxidation (Argyropoulos et al, 1998) although the mutation was not investigated in the present study.
In the present study, differences in thyroid hormone regulation were also observed such that the UCP2 A55V AV and UCP3 RsaI CC subjects experienced a greater increase in TSH response to TRH compared to the AA or CT cases after exposure to overfeeding. In the 12 pairs of MZ twins involved in this overfeeding study, an enhanced TSH response to the TRH stimulation was observed in response to the overfeeding protocol (Oppert et al, 1994b) raising the hypothesis that it is a biological strategy to counteract the effects of overfeeding. The UCP2 A55V and UCP3 RsaI CC genotype subjects exhibited a greater increase in RQ in response to overfeeding but without the expected greater body weight or fat gain although their recovery from overfeeding was less pronounced. One could speculate that the increase in TSH response in AV subjects reflected a decreased inhibition of the pituitary secretion of TSH and, possibly, resetting of the hypothalamicpituitary -thyroid axis. Although there were no significant changes in peripheral thyroid hormone concentrations, an altered sensitivity of the pituitary to circulating concentrations of T3 could still have occurred. Whether this change in TSH regulation is a compensatory phenomenon in response to chronic overnutrition and whether the UCP2 or UCP3 polymorphisms play a role in the regulation of thyroid hormone metabolism remain unknown. It is known, however, that thyroid hormones are potential regulators of UCP gene expression (Schrauwen et al, 1999) .
In conclusion, UCP variants were not associated with overfeeding-induced changes in body composition or resting metabolic rate although a UCP3 polymorphism was associated with resting metabolic rate both before and after overfeeding. However, UCP 1, 2 and 3 genes could play a role in the recovery from the overfeeding by regulating substrate oxidation. The data reported here strongly suggest that the UCP genes are involved in the response to caloric overload. However, it must be kept in mind that the sample size for this study was small. Further research with larger sample sizes should make it possible to identify the specific contributions of the uncoupling proteins and their DNA sequence variations in the complex response to chronic positive energy balance and recovery processes.
